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INTRODUCTION
Due to their high-Q, small size and ability to realize high selectivity filter banks covering multiple frequency bands (1 MHz to several GHz) directly on top of an integrated circuit, micromechanical filters are a promising technology for the miniaturization of high performance transceivers, multichannel radios and real-time spectrum analyzers. Recently, piezoelectric aluminum nitride (AlN) micromechanical resonators [1] [2] [3] , filters [3] [4] [5] [6] [7] [8] and filter banks [3, 4] have been developed that have lower motional impedance and higher power handling than capacitively transduced microresonator devices [9] .
Utilizing a mechanically coupled filter architecture first reported for capacitively transduced ring resonators [10] , this paper presents the design and characterization of high frequency selectivity AlN MEMS filters that achieve narrower percent bandwidths than previously reported filter architectures [3] [4] [5] [6] [7] [8] . Given the small fractional bandwidths, this paper also addresses the temperature stabilization of AlN MEMS filters. Utilizing a thin oxide layer under the AlN filter film stack, the temperature stability has been improved from -21 ppm/C (parts-per-million per degrees C) to 2.5 ppm/C, making possible the application of these filters across the military temperature range (-55 to 125 C). The practical limitations of this temperature compensation technique are also presented and are expected to result in reproducible filters and resonators with 0.2 ppm/C temperature stability. Finally, mechanically coupled filters based on overtone operation are presented that achieve ultra-high frequencies (UHF) of 557 MHz. The higher than expected insertion losses of these UHF filters are determined to result from lower than expected resonator quality factors, Q, due anchor losses. Despite degraded resonator Q of 495, 0.1% bandwidth filters with 38 dB of stop-band rejection are obtained. The high stop-band rejection is a result of a fully differential filter design that is enabled by the overtone operation. Fig. 1 is the cross-section of an AlN composite microresonator showing the metal electrodes and AlN piezoelectric layer used to transduce the device and an oxide layer used for substrate isolation and temperature compensation. The highly c-axis oriented AlN piezoelectric layer with a rocking curve full-width-half-maximum less than 1.5
II. FABRICATION PROCESS AND TEMPERAURE COMPENSATION Pictured in
• obtains strong electro-acoustic coupling that is used to obtain low insertion loss filters in a small die area. When a voltage is applied to the input electrodes across the piezoelectric layer, the bottom electrode is held at ground, an acoustic displacement is generated in the composite structure through the d 31 piezoelectric coefficient as shown in Fig. 1 . The stress induced in the AlN film by the acoustic wave generates a time-varying charge on the output electrodes which is passed through a resistor to give the resonator or filter output voltage. A detailed description of the AlN microresonator fabrication process and operation is given in [1, 3] .
The AlN resonators and filters reported in [3] utilized a 400 nm oxide layer beneath the devices to provide isolation of the bottom electrode traces from the Si substrate. Resonators realized using this process have demonstrated a linear temperature coefficient of frequency (TCF) of -21 ppm/C, primarily induced by the negative temperature coefficient (TC) of Young's modulus for AlN. If left uncompensated this would result in nearly a 4000 ppm or 0.4% shift in frequency for resonators and filters implemented in this process across the military temperature range. Since the goal of this work is to realize narrow fractional bandwidth filters in the range of 0.1%, the TCF of previously reported AlN filters [6] [7] [8] must be improved to enable practical application of these devices. Recently, the positive TC of Young's modulus of SiO 2 has been used to compensate for the negative TC of Young's modulus in Si double ended tuning fork [11] and lateral bulk acoustic mode [12] resonators, resulting in orders of magnitude improvement in the frequency stability across temperature. Further investigation of Fig. 1 suggests that this technique should be easily applied to the AlN microresonator process reported in [3] by properly adjusting the thickness of the SiO 2 electrical isolation layer.
The TCF of AlN microresonators is primarily due to the change in sound velocity, C effective , in the composite material over temperature, where the resonant frequency is given by
(
The wavelength, λ, is used to lithographically set the resonance frequency of each resonator or filter and its temperature dependence is negligible compared to that of the sound velocity in an uncompensated structure. The sound velocity in the composite is equal to
where Ε effective and ρ effective are the effective Young's modulus and density of the composite resonator layer stack. When the thickness of the resonator is much less than the wavelength, which is the case for this work, the effective modulus and density can be accurately estimated using the following equations,
where Ε, ρ, and t are the Young's modulus, density, and thickness of the material layers that comprise the composite resonator. From (1-3), since SiO 2 has a positive TC of Young's modulus while AlN and Al have a negative TC of Young's modulus, properly setting the thicknesses of these material layers will give a composite sound velocity and device resonance frequency that is independent of temperature to first order.
III. MECHANICALLY COUPLED FILTER ARCHITECTURE
Increasing the frequency selectivity of a filter or filter bank can result in improved transceiver sensitivity and dynamic range and more precise spectral analysis. Since many communications systems utilize channel bandwidths less than 100 kHz, the goal of this work is to minimize the fractional bandwidth of IF filters in the VHF and UHF bands as much as possible to improve system performance. Shown in Fig. 2 is a SEM image of a 99.5 MHz, 4 th order mechanically coupled AlN MEMS filter. This filter architecture was first reported in [10] for capacitively transduced resonators and has demonstrated very narrow fractional bandwidths. For the piezoelectric implementation in Fig. 2 the ring and the two poles of the filter are formed by the sense resonator vibrating either in or out of phase with the drive as shown in Fig. 3 . The width of each ring, W, is 40 μm, corresponding to λ/2 at 99.5 MHz, where λ is the wavelength at resonance, and the rings are coupled by a 60 μm beam corresponding to a length of 3λ/4. Connecting the coupling beam to each ring at the lowest velocity location, the ring center, results in the narrowest possible bandwidth for the filter. By moving the coupling beam attachment to higher velocity locations, 2 μm, 4 μm and 6 μm offset from the ring center, the bandwidth of the filter can be increased. This is shown in Fig. 4 for coupling beam attachments (a) at the center of the ring and (b) 4 μm offset from the ring center.
The operation of the mechanically coupled filter in Fig. 2 can be extended to higher frequencies using overtone operation of the ring, as demonstrated for the 5 th overtone filter shown in Fig. 5 . In [3] it was demonstrated that by properly pattering the top metal electrode, overtones of the same ring resonator can be selectively driven while maintaining a constant Q and motional impedance even as the frequency is increased to nearly 700 MHz. Overtone operation also allows for the realization of fully differential or balun type filters that improve the rejection of out-of-band signals and increase device functionality. 
IV. MEASURED RESULTS AND DISCUSSION
To evaluate the temperature compensation technique described above and to experimentally determine both the material properties of each layer in the composite resonator stack and the optimum oxide thickness to yield zero TCF, composite resonators with varying oxide thicknesses were fabricated. In all devices the AlN thickness was 750 nm and the total top and bottom metal thickness was 220 nm. Varying oxide thicknesses of 400, 650, 900, and 1150 nm were fabricated. The response of a single ring resonator similar to those pictured in Fig. 2 for each oxide thickness was measured over half the military temperature range (35 to 125 C) with the results shown in Fig. 6 . Since the additional oxide thickness reduces the resonant frequency by up to 5%, the results in Fig. 6 are normalized to a frequency of 100 MHz at 35 C. As expected, increasing the oxide thickness initially results in a lower negative TCF for the ring resonators and eventually the TCF becomes positive for resonators with a 1150 nm oxide. Overall, the TCF is reduced from -21 ppm/C to 2.5 ppm/C, resulting in an order of magnitude higher temperature stability , FOM, and TCF are the series resonant frequency, parallel resonant frequency, insertion loss, mechanical quality factor, coupling coefficient, figure of merit (k t 2 *Q) and temperature coefficient of frequency, respectfully. It should be noted that the resonators with 1150 nm oxide thickness required the development of a special vertical sidewall oxide etch to prevent multiple resonances from forming. This may account for the superior performance when compared to the devices with 650 and 900 nm thick oxides which were otherwise identically processed. From Table I no definitive statements can yet be made about the impact of the additional oxide thickness except that its effect is minimal over the range explored here. From the measured results a -67 ppm/C and +195 ppm/C TC of Young's modulus for AlN and SiO 2 can be extracted which is consistent with results found in the literature [1, 11] . An optimum oxide thickness of 1060 nm can be determined with a predicted resonator TCF of 0.04 ppm/C. Since the compensation technique is dependant on maintaining a proper thickness ratio between the films, this level of temperature stability will not be repeatable over process variations. The thickness control of the thermal temperature compensation oxide in Fig. 1 is better than 0.1%. The 1 sigma thickness control, however, for the sputtered AlN film is 0.23% wafer-to-wafer and 1% across a 6 inch wafer. Given this level of thickness control, the predicted limits of this temperature compensation technique from (1-3), 1 sigma, are ±0.2 ppm/C or ±18.6 ppm across the military temperature range.
Fundamental mode mechanically coupled filters, shown in Fig. 2 , with 1150 nm temperature compensation oxide thicknesses have been characterized.
The filters were measured in air on a probe station where an optimum termination impedance of 200 Ω was found.
Filters mechanically coupled at the center of the ring (lowest velocity coupling) and at 2, 4, and 6 μm offset from the ring center were characterized with the measured performance summarized in Table II . Shown in Fig. 7 are the measured responses for filters coupled at the ring center (narrowest bandwidth) and at 6 μm offset from the ring center (widest . Measured response of the mechanically coupled filter in Fig. 2 for low velocity coupling at the center of the rings (Blue) and higher velocity coupling 6 μm offset from the ring center (Black). Higher velocity coupling increases the bandwidth by greater than a factor of 2.
bandwidth). The filters are centered at 99.5 MHz and the fractional bandwidth is varied from 0.09% to 0.19% by moving to higher velocity coupling locations. To our knowledge, these are the narrowest fractional bandwidth AlN MEMS filters reported to date.
To evaluate the effect of the oxide temperature compensation technique on filter thermal stability, filters mechanically coupled at 6 μm offset from the ring center with 1150 nm, Fig. 8, and 400 nm, Fig. 9 , thick temperature compensation oxides were characterized from 35-125 C. 50 Ω termination impedances were used during all the temperature measurements. The results in Figs. 8 and 9 are very telling. Filters with 1150 nm temperature compensation oxides have a useable bandwidth of 181 kHz across the measured temperature range. This corresponds to 93.3% of the 194 kHz total filter bandwidth, where 6.7% of the filter bandwidth must be used to account for temperature variations. Filters from the process reported in [3] with 400 nm oxide thicknesses drift completely out of band across the measured temperature range. Clearly, without temperature compensation these narrow bandwidth filters would not be useful across the military temperature range. The temperature stability results reported here cover only half of the military temperature range. Characterization below room temperature was limited due to condensation formed on the filter devices. This problem should be mitigated by a wafer level filter package currently under development. If the linear TCF results shown in Fig. 6 hold for temperatures below 25 C, only 13% of the filter bandwidth will be needed to account for military temperature variations for filters with fractional bandwidths below 0.2%. The increased insertion loss for this filter at higher temperatures, which is not seen in other co-fabricated AlN resonator and filter designs, should also be investigated in order to insert this device into an actual system.
The 5 th overtone mechanically coupled filter shown in Fig. 5 , with narrow bandwidth velocity coupling at the center of the rings, was evaluated experimentally on a probe station with the results presented in Fig. 10 . A full 4-port characterization was performed on the filter in air with 50 Ω termination impedance. As can be seen in Fig. 10 , the rejection of out-of-band signals is significantly improved when balun or fully differential operation is employed. The 32 dB filter insertion loss is much higher than predicted from previous results with overtone resonators reported in [3] . Utilizing the full 4-port measurement, the response of each individual resonator in the filter can also be evaluated, S21 Fig. 5 . The Q's of these resonators are measured to be 495, half of that expected from [3] due to the doubling of the number of anchors. The finite resonator Q, which is half that for the filter, dramatically increases the filter insertion loss as shown in Fig. 10 .
and S43 from Fig. 5 , as shown in Fig. 11 . In Fig. 11 it can be seen that the responses of the two resonators overlap in frequency and that the insertion loss is much lower than that for the filter. However, the Q of each resonator is only 495 while the filter Q is 1000, which leads to the much higher insertion loss. The 5 th overtone ring resonators reported in [3] that demonstrated unloaded Q's of 1120 had only two anchors to the substrate while the resonators comprising the filter in Fig. 5 have four anchors. Since the Q is approximately halved here compared to the devices reported in [3] , this suggests an anchor loss limited regime for the overtone ring resonators. Future overtone mechanically coupled filter designs based on 2-anchor ring resonators are expected to have significantly lower insertion loss.
V. CONCLUSIONS
Narrow fractional bandwidth, mechanically coupled AlN filters have been developed and characterized in the VHF and UHF frequency bands. Utilizing the low velocity coupling between two ring resonators, the bandwidth of low insertion loss, high power handling AlN MEMS filters has been reduced to less than 0.1%. A passive oxide temperature compensation technique has been demonstrated that reduces the TCF for AlN ring resonators to 2.5 ppm/C. When applied to the mechanically coupled filters, this temperature stabilization method requires only 13% of the filter bandwidth to be used to account for military temperature variations despite the narrow fractional bandwidths less than 0.2%. VHF implementations of these filters at 99.6 MHz have insertion losses of approximately 11 dB into 200 Ω and lithographically defined bandwidths based on velocity coupling from 0.09 to 0.2%. When scaled to UHF frequencies at 557 MHz, the 1 st generation filters show high insertion loss because the filter bandwidth, 0.1%, is narrower than that of the resonators comprising the filter, 0.2%. Much lower insertion losses should be achieved in future UHF filter designs based on 2, rather than 4, anchor AlN ring resonators.
